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Structual details of welded steel bridge members are 
subjected to variable stresses and are susceptible to fatigue 
damage. When Qnly a small percentage of the applied stress 
' 
ranges exceeded the fatigue stress limit of the constant 
amplitude stress range for a detail, fatigue cracks will 
develop. This study examines the results of four out of eight 
full-scale plate girders under randomized loads of a Rayleigh 
type spectrum with the exceedance rate as low as 0.01% of the 
time. Fatigue cracks were detected and most of the test data 
agree with the extension of the S-N curve for the detail when 
an existing theory on variable amplitude loading was applied. 
By using the linear elastic stress intensity factor and a 
crack growth threshold, the fatigue lives of the cracks were 
estimated. The analytical results agree well with the test 
data. Additional studies were proposed. 
' •. .,,.. ... ·"';~h ' ,, 
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1.1 Problem statement 
Fatigue of materials results from cyclic loadings. Under 
normal conditions, after a large number of load cycles are 
applied, cracks may begin to develop. The cause of these 
cracks._ can be attributed to four major factors; (1) the 
magnitude of applied stress range, (2) the number of stress 
cycles, (3) the type of structural detail and (4) the 
existence of intitial flaws in the detail. 
The first three of the four factors have been taken into 
consideration in the development of the stress range vs. 
number of cycles (S-N) curve for welded structual details. 1 
The S-N curves relate the constant amplitude stress range and 
.fC>" 
the number of cycles for a type or category of a structural 
detail" These curves can be 
I 
seen in figure 1. The 
classification system categorizes the structural details 
according to the severity of the local stress condition caused 
by the geometric discontinuities of the detail. 2 However, 
most structures experience variable amplitude loading. 
I During 
these loadings the constant amplitude fatigue limit (CAFL) may 
occasionally be exceeded even though the effective stress 
range falls well below it. Fatigue cracks have been detected 
in bridges under this loading condition. 3 Tests also reveal 
that cracks have developed at details .. where the CAFL was 
2 
.1 
exceeded only 0.11 of the time. 4 This observed behavior 
suggests that the utilization of the CAFL needs to be 
reexamined for variable amplitude loads. 
1.2 Background Information 
During the 1960's and early 1970's, a large number of 
full sized, welded steel bridge details have been tested under 
constant amplitude cyclic loading, the test data were 
reevaluated in 1988 and were used to set the standards by 
which today's fatigue specifications are based. 5 
The most prevalent limitation of the test data is that 
the tests were conducted under constant amplitude cycling. 
Other limitations include high cycle, long life fatigue region 
and limited types of details in each design category. 6 
Several studies have been conducted since 1972 to relate 
variable amplitude test data with constant amplitude fatigue 
test results. 7, 8 By employing Miner's Hypothesis, 9 an 
equivalent constant amplitude stress range can be calculated 
and applied to the S-N design curves. The equivalent stress 
range is calculated using the formula 
where: 
S - [ CX · • S !3] l / B re 1 i 
(1) 
Sre = equivalent constant amplitude stress range 
Sri = stress range at the ilb. interval of 
frequency-of-occurrence.histogram (ksi) 
'·· I 
3 
a 1 = the percer.1t of the total stress range 100% 
within the i~ interval 
B = 3.0 which corresponds to the slope of the 
S-N curve 
If the equivalent stress range, Sre is below the CAFL, the 
straight line continuation of the S-N curve is used with sre 
for the estimation of fatigue life. Testing of specimens 
under variable amplitude loading is continuing at the present. 
A small percentage of stress ranges above the CAFL is applied 
to the welded structural details, and fatigue cracks have been 
detected and recorded. 
1.3 Objectives and scope 
The objectives of the study are the examination of 
fatigue data from variable amplitude loading and the 
evaluation of the effects of stresses exceeding the CAFL on 
the fatigue life of welded structural details. To achieve 
these objectives, a linear elastic fracture mechanics model 
will be used with a threshold of stress intensity factor to 
examine the fatigue crack growth behavior. As the crack 
length • increases, the corresponding stress ranges must 
decrea,se for the threshold of stress intensity factor to 
~ 
remain constant. Therefore, the stress range spectrum will 
have a greater number of stress cycles contributing to crack 
4 
growth. By incorporating the influence of this phenomenon, 
the life span of structural details subjected to occasional 
stress above the CAFL will be predicted. 
) 
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2.1 scope 
The • main purpose of this experiment 
• 1S to provide 
additional information on fatigue crack growth behavior of 
steel bridge members under randomly applied variable-amplitude 
loading near the fatigue limit, in the extreme life region. 4 
The fatigue crack growth, as a result of increased loads, has 
a major impact on the safety and life expectancy of existing 
bridges. In the experimental program, eight full scale test 
specimens were fabricated for testing in the extreme life 
region. Testing was also done to explore the affects of out-
of-plane displacement on fatigue cracking at the end of 
stiffeners. 
2.2 Specimen Description 
Eight full scale welded bridge girders were fabricated 
from A36 steel. The girders are 26 feet in length and 36 
inches in depth. Each consists of a 3/8 inch by 34 inch web 
plate welded toJ,. inch by 12 inch flanges. Each girder has 
three different types of fillet welded details to examine the ,, 
effects of fatigue loadings: 
1.) 1 in. x 9 in. coverplates 
2.) 1 in. x 12 in. web attachments 
6 
3.) 3/8 in. x 3 in. transverse web stiffeners. 
The transverse web stiffeners are cut short of the tension 
flange to create a web gap, a gap between the flange and the 
lower end of the stiffener. Figure 2 shows these detail types 
and from this infozmation, the categories for each detail can 
be determined. From AASHTO' s Standard Specification for 
Highway Bridges, 1 the coverplates and the web attachments fall 
into category E' which has a CAFL of 2. 6 ksi and the 
transverse web stiffeners are in category C which has a CAFL 
of 12 ksi for the extreme life region. 
The eight girders are divided into four pairs of two 
identical girders. Figure 3 shows the locations of the web 
attachments on all the girders, and figures 4 and 5 show the 
differences in the lengths of the coverplates and the sizes of 
the centerline web gaps for each pair. The detail numbers are 
also revealed. The locations of the details as well as the 
~ 
loading programs results in different effective stress ranges 
for each detail. Tables 1 to 4 reveal the different load 
levels and stress ranges for the details on the four sets of 
girders. The effective stress ranges were calculated by Root 
Mean Cubed (RMC) equation, Eq.(1). 
2.3 Test Setup 
The test setup is shown schematically in Figu,re 6. All 
girders are tested on a 25 foot span with a four point loading 
7 
system. The load is spread to two points from the jack by 
the spreader beam. The other two loading points are the 
reactions created by the simple supports. When it was time 
to test the girders !for out-of-plane distortion, diaphragms 
were installed. The first set used a W 14 x 22 diaphragm 
which created large stresses in the web gap. As a result, 
small turnbuckles were used on the second set to obtain 
smaller stresses in the web gap. Figure 7 shows the 
difference between the two out-of-plane test set ups. The two 
sets that were used for out-of-plane testing had one strain 
gauge located at detail #8 as a control for horizontal 
strains. Four more strain gauges were located in the web gap 
to reveal the vertical strain distribution in the gap created 
by the out-of-plane distortion. The third and fourth sets of 
girders only had two strain gages located at the middle of the 
girder, three inches off the centerline of the bottom flange. 
The setups for the tests were all similar. Girder sets 
one and two were tested in the same set up in Fritz 
Engineering Laboratory at Lehigh University. Girder sets 
three and four were set up in the laboratory of the research 
center for Advanced Technology for Large Structural Systems 
(ATLSS) at Lehigh. Figure 8 schematically shows the setup for 
sets three and four. The only major difference between this 
setup and the one at Fritz Lab is that instead of a wall 
column and a floor column used to support the cross beam, two 
floor columns were used. All the test setups contained 
8 
,.-- .. , 
actuators to produce the random variable load. However, sets 
V 
one and two were generated by a hydraulic system controlled by , 
an MTS system, while the hydraulics for sets three and four 
were controlled by a system supplied by Vickers. The MTS 
system created a triangular wavefornl and had an internal 
program controlling the actuator displacements. The Vickers 
system created a haversine wav~form and the loading program 
was produced by software from a remote personal computer. 
Both system used displacement as a control parameter to 
achieved desirable loads. 
2.4 Test Procedure 
Static calibrations were carried out on all girders. 
This provided a microstrain to millivolt correlation. The 
microstrains were obtained from a P-3500 digital strain 
indicator. At the same time, measurements of the wave 
amplitude was taken by a Nicollet waveform storage 
oscilloscope. This correlation was then used to perform 
dynamic calibrations. Short programs of constant amplitude 
were generated to determine the response time of the 
actuators. This dynamic factor provided necessary information 
such as the minimum displacements needed to avoid stress 
reversals, maximum displacements needed to achieve the 
desirable strains and the maximum frequency the systems could 
' ~ .,_. ·-~ .. ... ,$' '. ~ 
handle without altering the waveform. The strain ranges were 
9 
\ 
calculated by simple bending theory. The fatigue tests for 
sets one and two were conducted at an approximate frequency of 
2.7 Hz. The third and fourth sets are capable of handling a 
higher frequency and are being tested at frequencies between 
4 and 5 Hz. 
The most used inspection method has always been the 
relatively elementary visual inspection. Other nondestructive 
methods are occasionally used, such as dye penetrant,. magnetic 
-.. 
particle and ultrasonics. 10 The detail area was cleaned by 
using a degreaser and then a magnifying glass was used to 
observe the detail for crack development and propagation. 
Once a fatigue crack was detected, crack growth was monitored 
by manually • measuring the crack length at convenient 
intervals. Girder sets one, two and three have or will run 
until 100 million cycles are accumulated. The fourth set is 
npt expected to_ run as long because the lower stress ranges of 
the loading program has been truncated. It is estimated that 
desirable test results will be obtained within 3 O to 50 
million cycles for girder pair 4. 
10 
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3.1. Fatigue Test Results 
Bridge structures experience a large number of load 
changes and it is imperative that fatigue considerations be 
taken in design. Based on past experiments, two factors have 
been identified as being particularly import and most likely 
to govern the fatigue strength: stress range and type of 
detail. 11 
NCHRP project 12-7 was the first project to effectively 
control the design factors that influenced fatigue 
behavior. 12 •2 The results confirmed the fact that stress range 
and detail type were the two variables that affected the 
fatigue strength. There were three types of steel used in 
this project which provided a range of yield stresses from 36 
ksi to 100 ksi. As seen in Figure 9, the test data revealed 
that the steel type was not an influencing factor of fatigue 
strength. The project provided essential information, but 
limited types of details were evaluated, no test was run into 
the long life region and all tests were conducted under 
constant amplitude loading. As a result, the National 
Cooperative Highway Research Program sponsored several other 
projects to 
NCHRP 
overcome these limitations. 
Project 12-f2 used large scale welded 
studied longitudinal web-to-flange fillet 
11 
girders and 
welds and 
, 
coverplated details. 8 Figure 10 shows the fatigue failures 
for the plain welded girders with the category B curve. All, 
failures are reported to originate in the longitudinal web-to-
flange fillet weld. The results for the coverplated girders 
are given in Figure 11. The results are well scattered and 
plot close to the S-N curve. In these figures, the variable 
load test data were plotted using the Root Mean Cube effective 
stress range to correlate to the constant amplitude test data. 
NCHRP Project 12-15(4) was to expand the database from 
project 12-12. The limitation from NCHRP Project 12-7 of low 
cycle count was partially addressed by testing the specimens 
into the long life region. Also, the problems of overloads 
were studied. Chapter 2 of NCHRP Report 267 summarizes the 
results of NCHRP Project 12-15(4). 7 In general, it can be 
said that the affect of overloads causes fatigue crack 
initiation even if the effective stress range is well below 
the constant amplitude fatigue limit. For the three cases of 
spectrum revealed in Figure 12, only case 3 is assured of no 
crack growth. Cases 1 and 2 can be estimated for fatigue 
resistance by extending the S-N curve below the CAFL with the 
same slope. Figures 13 and 14 reveal the results of NCHRP 
Project 12-15(4). The validity of estimating the fatigue 
resistance by extending the S-N curves is obvious from these 
figures. NCHRP Project 12-15(4) alsp revealed that welds 
. 
,; ( 
completely wrapped around details provided fatigue crack ,, 
"' ,· 
I 
initiation sites at the toe of transverse fillet welds. 
J' .• 
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Finally it can be seen in figure 13 that the coverplated 
detail is better defined by category E' rather than category 
E. 
NCHRP Project 12-15(5), the current variable amplitude 
test, is to expand the data base of project 12-15(4). 4 It 
addresses the same problems of extreme life fatigue and the 
overloads. Eight full scale welded plate girders have been or 
will be tested to approximately 100 million fatigue cycles. 
The girders are divided into sets of two as schematically 
shown by figures 3 and 4 . Each set will be loaded by a 
randomized Rayleigh-type stress spectrum. Figures 15 to 17 
show the stress spectrums of the four sets. As seen by figure 
17, the fourth set of girders will have the lower end of the 
stress spectrum truncated. This will theoretically reduce the 
expected life span of the welded details. The stress 
spectrums presented, in figures 15 to 17 correspond to details 
8 and 10 - . on all girders. The other details experience 
different stress ranges depending on their location. Tables 
1 to 4 reveal all the stress ranges for the girders for all 
applied loads. The last column, alpha, represents the 
percentage of cycles that the load is applied. The amount of 
stress ranges exceeding the CAFL then can be easily computed 
for each detail. The examination of the three stress 
spectrums will show the cover-plated details having stresses 
exceeding their CAFL 6:4% of the time in girder pair 1 to 100% 
of the time in girder pair 4. The web attachment CAFL is also 
13 
.' 
2.6 ksi and is exceeded 0.011 of the time for details 2 and 16 
in girder pair 3 to 1001 of the time for details 7 and 11 in 
girder pair 4. The vertical web stiffeners are defined by 
AASHTO's category c. This has a CAFL of 12 ksi and is 
exceeded 0.01% of the time in girder pair 3 to 0.1% of the 
time in girder pair 1. 
The first set of girders completed testing in May of 
1987 with 107 million cycles. Results from the first set. 
revealed cracking at three web attachment details. The first 
detail failed at 43.6 million cycles with an effective stress 
range of 2.4 ksi. The category E' CAFL was exceeded 14.6% of 
the time. The second crack was detected at 81. 7 million 
cycles at an effective stress range of 2.2 ksi with a peak 
value of 4. 3 ksi. The final crack was detected at 100. 7 
million cycles at an effective stress range of 1.4 ksi and a 
maximum stress range of 3.5 ksi. 4 
The second set of girders completed its primary testing 
in October of 1989 with 100 million cycles. Thirty three 
fatigue cracks were detected from a possible 68 detail 
locations. Tables 5 to 8 reveal the crack growth data for 
each detail of girder pair 2. Note that there are 68 fatigue 
crack sites because there are 17 on each side of both girders. 
At the top of these tables, the girder and side of the girder 
is specified according to the test set-up in Fritz Engineering 
Laboratory at Lehigh University. 
. . 
14 
,, 
3.2 coapari•on with con•tant Aaplitude s-H curve 
The results of the crack data in tables 5 to 8 are 
plotted on the S-N curve shown in Figures 18 to 20. The 
effective stress range in these figures are computed by the 
RMC method. Figure 18 shows the coverplated details. All the 
results fall above the straight line extension of the category 
• 
E curve. However, they fall between the CAFL's of category 
E and E'. This would suggest that category E' is a better 
estimate for the fatigue resistance of the detail. 
Figure 19 reveals the results of the web attachment 
details plotted on the S-N curve. It is seen here that all 
the data points fall below the CAFL for category E', however, 
most of the data falls above the straight line extension of 
category E'. It is important to note that 4 out of 8 possible 
details with an effective stress range of 1.36 ksi fell below 
the S-N curve of category E'. This may have resulted due to 
the influence of the coverplates causing a zone to be affected 
in the beam due to the changing moment of inertia. Further 
examination is needed to evaluate these failures. 
Figure 20 shows the result of the fatigue cracks 
detected at a vertical web stiffener. This detail has a CAFL 
of 12 ksi. The data points are below this limit, however, it 
is well above the straight line continuation of S-N curve for 
category c. 
All the above details fall under cases 1 and 2 described 
15 
J . " 
in Figure 12. As mentioned previously, only case 3 is assured 
of no fatigue cracking. This condition is confirmed by 
evidence of cracks· at locations where the CAFL was exceeded 
only 0.01% of the time. 
Some of the fatigue cracks found at the web attachments 
grew to a significant size. Crack growth was then prevented 
by drilling holes through the web plate at the crack tips. 
Different-sized holes were used at each end of the crack 
because of stress gradient along the web plate. The diameter 
of the hole was calculated by13 
where: 
• 
llK _4,fa; {p y 
~K - stress intensity factor (ksi/in) 
p = diameter of hole (in) 
ay = yield stress of steel (ksi) 
(2) 
Figure 21 shows detail 11 of the first set of girders with 
retrofit holes drilled at the ends of the fatigue crack. The 
bottom hole is bigger due to the greater stress intensity 
factor at that location on the web plate. 
16 
.. 
caaPtla t ADLUICAL APPIIO&CR 
4.1 Linear Blastic Practure Mechanics (LEPM) concept of 
Patigue crack Growth 
4 
The fracture mechanics concept of fatigue crack growth 
assumes that fatigue cracks initiate, propagate and then 
induce failure. 1° For welded structural details, there are 
usually built in flaws which often eliminate the initiation 
stage of fatigue crack development. Whether an initial flaw 
or crack would propagate depends on its length and the applied 
stresses. If their combination causes a condition above a 
threshold value, the fatigue crack will grow. This threshold 
is the threshold of stress range intensity factor. 
The general equation for the stress intensity factor, K 
is:14,15 
where: 
K•Fa/rca 
( 3) 
F = the crack size dependant correction factor 
which is a function of specimen geometry, 
crack size, shape and orientation, and 
nonuniform opening stresses. 
a= the nominal stress at the location of the 
detail in question. 
a= the crack size 
The concentration factor, F, can be broken up to crack shape 
17 
correction factor F., the free surface correction factor F,, 
the finite width correction factor Fw, and the nonuniform 
stress correction [actor F 9 • 13, 10 
(4) 
I 
The crack shape correction factor, Fe, can be estimated by: 
(5) 
where: 
ff 
-2 
E(k) - J [1-k 2sin0] 112 dfl (6) 
0 
(7) 
c and a are crack dimensions and can be seen in figure 22 . 
.. 
The free surface correction factor, Fs, is equal to: 
F 5 -1. 211-0 .186 
a 
-
C (8) 
where: a and care the same as for Fe. 
The finite width~ correction factor, Fw, for a central 
crack is given as: (9) 
F - sec 1ta 
w 2b 
where: a and bare depicted in figure 23. 
18 
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For a plate with infinite width Fw equals 1. 
Finally, the most complicated correction factor, F9 , can 
be estimated by: Kem F----
g l+G«" (10) 
where: Ktm = stress concentration factor G and /3 are 
dimensionless constants 
a= a/t (ratio of crack size to plate 
thickness). 
The stress concentration change for different types of 
details. The equations for Ktm can be defined as shown below: 
For stiffeners: 
for coverplates: 
( 
/ 
Ktn1-l. 62110 Z +3.963 
tf 
z K~--3.593log +1.98110 
tf 
Z +5.798 
tcp 
where: z = weld leg size 
-
- flange thickness 
tcp = coverplate thickness 
( 11) 
(12) 
The value of Ktm has been taken as 8.0 for the web 
. 6 
attachment.s"'~ .. 
The stress range intensity factor, l1K, in the linear 
19 
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elastic fracture mechanics concept of fatigue crack growth is 
commonly evaluated using Eq.(3) with the stress in the 
equation replaced by the nominal live load stress range. 14 The 
crack growth rate usually can be estimated by: 
where: 
da -C(AK) n 
dN 
C = crack growth constant 
4K = range of stress intensity factor 
n = crack growth exponent 
(13) 
Therefore, it is possible to predict the life span of a crack 
if the crack length and the relevant information are known. 
4.2 concept of Decreasing stress Range Threshold 
Through past experiments and experiments currently being 
conducted, a threshold of stress range intensity factor, aKth' 
can be obtained. The 4Kth is a value at which if aK is higher, 
fatigue crack propagation will occur. If 4K is less than aKth, 
then no fatigue cracking will result. Once ~Kth is surpassed, 
the crack growth phenomenon can be broken up into three zones 
according to the crack growth rate. Figure 24 shows these 
three zones and it can be seen that ~Kth is the lowest aK on 
the graph. Zone I is associated with crack initiation, zone 
II . represents steady crack growth and zone III i:-epr.esepts 
accelerated crack propagation. Most repair and retrofit will 
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take place prior to Zone III conditions for fear of damaging 
the structual member or the test specimen. Zone I, crack 
initiation, can be eliminated for all practical purposes due 
to small sharp defects found at welded details. These defects 
with sizes from 0.001 to 0.03 in. can be considered as small 
cracks. These initial flaw conditions exist because of the 
characteristics of the welding process. 
incomplete fusion and trapped slag are just 
Gas pockets, 
some of these 
,: 
characteristics. Another important factor effecting fatigue 
crack initiation is residual stresses. This is a major factor 
in the behavior of welded built-up details. When a detail is 
attached to a me~er by welding, a high magnitude tensile 
residual stress results, usually near the yield point of the 
material. This is important because fatigue cracking only 
occurs in tension and details that are under compression due 
to nominal stresses may now be in tension due to the high 
residual stresses resulting from welds. Figure 25 shows the 
nodal lines from the effects of shrinkage of a weld, causing 
a residual stress zone around a web attachment detail. 
The fatigue crack threshold, 4Kth' is an estimate for aK, 
for which if not surpassed, will result in no crack growth. 
A lower bound estimate of 4K in austenite, banite, ferrite-
pearlite, and martensite steels can be given as14 
Kth = 6 • 4 ( 1- 0 • 8 SR) (14) 
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where: R is the stress ratio of minimum stress to 
maximum stress. This equation is accurate for constant 
amplitude fatigue testing. In variable amplitude fatigue 
testing, R changes for each stress range in the stress 
spectrum. It was proven that the AKth value decreases 
significantly for variable amplitude fatigue testing. At a 
stress ratio of 0.8 in constant amplitude fatigue testing, 
l1Kth was found to be 3.5 ksilin. This value decreased to 
approximately 2.0 ksi/in for variable amplitude fatigue 
testing. At a stress ratio of O. 55, the reduction of the 
threshold value went from 5.5 ksilin to about 3.5 ksilin. 
For a l1Kth value and an assumed crack size, a stress range 
threshold (fatigue limit) can be established. For variable 
amplitude fatigue testing, those stress range cycles above the 
stress range threshold cause the crack to grow. As the crack 
length increases, l1K increases. If l1Kth remains the same, 
eventually the crack reaches a length where the next lower 
stress range in the stress spectrum will have a value where !\K 
greater than ~Kth and will contribute to crack growth, even if 
the stress range is lower than the constant amplitude fatigue 
limit. This process continues until all the stress ranges in 
a spectrum contribute to crack growth. The concept will be 
utilized below to evaluate crack growth and fatigue life. 
Equation 3 indicates that the stress intensity factor is 
a function of the crack length. The correction factors in the 
equation also vary 
I 
I 
I 
as the 
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crack length • varies. For 
simplicity, the analysis done in this study considered Fe.F8 .Fw 
to be a constant while F9 was the only varying correction 
factor. Even though values for Kthwere recorded as low as 1.8 
ksilin a value of 2. 75 ksilin was used in the analysis. 
With the above information, it can be determined how many 
cycles it takes until~each block of stress range in the stress 
"' 
range spectrum contributes to crack growth. For this .purpose, 
let 
-
- effective stress range over the constant 
amplitude fatigue limit 
and SY= the highest stress range under the constant 
amplitude fatigue limit J 
then by rearranging Equation 3 
Kth a--------
Fe·F8 ·F w·F g·Sy.fic 
2 
(15) 
Using the calculated crack length as af, the number of cycles 
till SY becomes contributing to crack growth can be calculated 
by rearranging Equation 13 to 
(16) 
The stress range intensity factor, 4K, in the denominator of 
Equation 16 is calculated using sx. Also,. 4K changes as the 
·'~ 
crack length grows from a 1 to af. Therefore, Equation 16 takes "· 
the form: 
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(17) 
aT. aJ 
.iv--------------
•t 
C( F ·F ·F ·F ·S Ii"" ·J 'a da) .n 8 11 w g xV '" V a 
Where N is the number of cycles till the crack size reaches a1 
by Eq.15. Equation 17 is repeated using the next lower stress 
C 
range in the stress spectrum. Note that when calculating N 
this time, AK in the denominator uses the effective stress 
range (RMC) for all stress ranges above the stress range used 
for calculating the new final crack length, af. If this 
method is repeated for the number of stress ranges in a stress 
spectrum, then the number of cycles can be calculated to 
determine when all the stress ranges contribute to crack 
growth. 
4.3 Results of Crack Growth Analysis 
The results of the calculations described in section 4.2 
are shown in Tables 9-16. They were carried out for the 
transverse web stiffeners associated with detail numbers 8 and 
10, all web attachments associated with detail numbers 7 and 
11, 6 and 12, 5 and 13, 4 and 14, 3 and 15, and 2 and 16 and 
finally the coverplated details associated with detail numbers 
1 aod 17 for both girders in pair 2.(Fig. 4) 
Tables 9 through 16 are 8 columns wide. Column 1, ai' is 
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the initial crack length at the time the stress range in 
column 2 contributes to crack growth. Column 2, Control 
Stress Range, refers to the stress ran!e of which all stress 
ranges higher contribute to crack growth. Column 3, 
the crack length computed by Equation 15 using the stress 
range in column 2. Column 4, Sre (affecting crack growth), is 
the effective stress range for all stress ranges in the stress 
spectrum above those in column 2. Column 5, ~K, is the stress 
r. 
range intensity factor computed by Equation 3 using the 
effective stress range in column 4. Col~n 6, N, is the 
number of cycles that the stress ranges above the control 
stress range have to accumulate to achieve the crack growth 
interval between a 1 and af. Column 7, N (whole spectrum) , 
converts column 6 to the number of cycles that the whole 
stress spectrum represents instead of the stress ranges that 
are only contributing to crack growth. Finally, column 8, 
Ntot' sums up the intervals in column 7 so that a total number 
of cycles can be estimated to the lowest stress range 
contributing to crack growth represented in Column 2. 
However, the total cycles are only accumulated from the start 
when the stress ranges equal to the constant amplitude fatigue 
limit because of the initial flaw size being unknown. 
4K was calculated for the coverplated details assuming 
that: For 
transverse·web stiffeners and web attachments, because the web 
plate was considered infinite, Fw = 1.0 and Fe.Fs was assumed 
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to be 1.12. 
The number of cycles, N, was computed by a simple fortran 
.. 
program using increments in~ of O.OOOOlin. for equation 17 
where: 14 
C = growth rate constant = 3. 6 x 1010 
n = crack growth exponent= 3 
The results of Tables 9 to 16 are discussed below: 
Table 9 - Transverse Web Stiffeners.(Details 8 & 10) 
CAFL = 12 ksi 
Exceedance Rate= 0.1% 
Sre exceeding 12 ksi = 18 ksi 
Crack size before stress ranges under 
12 ksi contribute to crack growth= 0.003942in. 
Crack size before all stress ranges contribute 
to crack growth= 0.0297in. 
The number of cycles needed to attain these values depend on 
the initial crack size. The nominal initial crack size can be 
assumed to vary from O.OOlin. to 0.03in. If a 1 = O.OOlin, it 
would take 306,441,000 cycles for the crack to grow to 
0.003942in. If a 1 = 0.03in, all stress ranges contribute to 
crack growth. Therefore, the initial crack size falls within 
the estimated range. For the crack to be 2in. ·at 100,000,000 
cycles, as indicated in table 8, a 1 would have to be 0.00267in. 
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Table 10 - web Attachments <Details 1 & 11) 
CAFL = 2.6 ksi 
Exceedance Rate= 29.3% 
Sre exceeding 2. 6 ksi = 2. 995 ksi 
Crack size before stress ranges under 
2.6 ksi contribute to crack growth= 0.0226in. 
Crack size before all stress ranges contribute 
to crack growth= 0.0751in. 
The initial crack • size estimated for web attachments was 
0.002in to 0.02in. When these values were used, N was lo~ 
when compared to the test data. However, if an initial crack 
size of O.OOlin. is assumed, it would take approximately 30 
million cycles for the crack to grow to 0.0226in. At this 
crack growth rate, it would take approximately 33 million 
cycles before all stress ranges contributed to crack growth, 
and 36 million cycles before the crack reached l/4in. 
Although this seems low when compared to approximately 70 
million cycles for the south girder of pair 2, data from 
girder pairs· 1 and 3· do agree with this value. More 
importantly is the comparison of the computed crack growth to 
the actual test data. Table 17 reveals this comparison for 
the web attachments and will be discussed later. Note that 
the actual number of cycles i~ the average from the available fj . 
test data on the corresponding details. 
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Table 11 - Web Attachments (Qetails 6 & 12) 
CAFL = 2.6 ksi 
Exceedance rate= 14.7% 
Sre exceeding 2. 6 ksi = 3. 49 ksi 
Crack size before stress ranges under 
2.6 ksi contribute to crack growth= 0.0230in 
Crack size before all stress ranges contribute 
to crack growth= 0.1086in. 
If a 1 = 0.002in., it would take 43,866,244 cycles for the 
crack to grow to 0.0230in. At this rate, it would take 
approximately 51,000, 000 cycles before all stress ranges 
contributes to crack growth. Even though this value is 
reasonable, a better estimate would be a 1 = 0.001. This would 
increase N - 67,000,000 before all stress ranges affected 
crack growth and N = 70,000,000 for the crack length to reach 
1/4in. This value is in agreement with the test data from 
girder pair 2 (about 72,500,000). 
Table 12 - Web Attachments (Details 5 & 13) 
CAFL = 2.6 ksi 
Exceedance Rate= 6.4% 
Sre exceeding 2. 6 ksi = 3. 019 ksi 
Crack Size before stress ranges under 
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2.6 ksi contribute to crack growth - 0.0195in. 
Crack Size before all stress ranges contribute 
to crack growth= 0.120lin. 
When ai = O. 002, N= 83,795,015 before the crack reaches 
0.0195in. This value decreases to N= 18,053,437 when a 1 is 
assumed to be 0.02in. Since the average number of cycles for 
the crack to grow to 1/4in. is approximately 81,000.000 from 
the test girders, the initial crack length falls within the 
estimated range of 0.002in. and 0.02in. The closest estimate 
of a 1 that corresponds to the test data is 0.003in. 
,) 
Table 13 - Web Attachments (Details 4 & 14) 
' CAFL = 2.6 ksi 
Exceedance Rate= 0.8% 
Sre exceeding 2. 6 ksi = 3 .18 ksi 
Crack size before stress ranges under 
2.6 ksi contribute to crack growth= 0.0188in. 
Crack size before all stress ranges contribute 
to crack growth= 0.2044in. 
When a 1 = 0.002in., N= 567,358,375 cycles for the crack to 
reach 0.0188in. When a 1 = 0.02in., the stress ranges below 
2.6 ksi are already contributing to crack growth. Therefore, 
the initial crack length falls within the estimated range of 
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0.002in. and 0.02in. Since only one detail on the second pair 
of girders failed at this location at N= 96,663,000, it can be 
estimated that the initial crack size was o. 014 in. This would 
result in a computed value of N= 96,894,605. 
Table 14 - Web Attachments (Details 3 & 15) 
CAFL = 2.6 ksi 
Exceedance Rate= 0.8% 
Sre exceeding 2. 6 ksi = 3. 13 ksi 
Crack size before stress ranges under 
2.6 ksi contribute to crack growth= 0.0195in. 
\'' 
Crack size before all stress ranges contribute 
to crack growth= 0.2184in. 
Details 3 and 15 are similar to 4 and 14 with respect to the 
initial flaw data. At a 1 = 0.002in., N = 601,540,500 and at 
a 1 = 0.02in. stress ranges above 2.6 ksi are contributing to 
crack growth. Of the details that failed at the location, the 
average number of cycles for the crack to reach 1.4in. is 
approximately 81,000,000. If a 1 = 0.016in., then the computed 
N = 81,828,204. At this initial crack size, it would take 
80,872,894 cycles for all stress ranges to contribute to crack 
growth. 
later. 
Further comparison on crack growth will be made 
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Table 1s - Web Attachments (Details 2 & 16) 
CAFL = 2.6 ksi 
Exceedance Rate= 0.1% 
Sre exceeding 2. 6 ksi = 3. 49 ksi 
Crack Size before stress ranges under 
2.6 ksi contribute 
'.J. 
to crack growth= 0.0245in. 
Crack Size before all stress ranges contribute 
to crack growth= 0.6125in. 
Data from the second pair of girders reveal four failures at 
detail numbers 2 and 16. However, when calculations were 
completed to compare to test data, it revealed that the 
failure should not have occurred before 100,000,000 cycles. 
It should take 266,799,680 cycles for all stress ranges to 
contribute to crack growth if a 1 = 0.0245. These results of 
computation agree with S-N data in Figure 19. The data from 
details 2 and 16 and presented in Figure 19 fall under the 
extension of the category E' curve. If this detail is truly 
represented by category E' then no failure should occur 
However, cracks did occur. The computed crack growth between 
different crack length is compared in Table 17 and Table 18. 
The actual crack growth rates are approximately 60% quicker 
than the computed rates. This may be the result of the detail 
being in the coverplated zone of the girder thus the nominal 
stress at the detail is affected. A more precise evaluation 
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-of the stresses at this detail is needed to accurately assess 
the reason for failure. 
Table 16 - coverplated details (details 1 & 17) 
CAFL = 2.6 ksi 
Exceedance Rate= 73.7% 
Sre exceeding 2.6 ksi = 3.4789 ksi 
Crack size before stress ranges under 
2.6 ksi contribute to crack growth= 0.1014in. 
Crack size before all stress ranges contribute 
to crack growth = o • 14 6 4 in•" 
The estimated initial crack I sizes for coverplated details 
range from O.OOlin. to 0.03in. At a 1 = o.,{)Olin., it would 
take 114,469,471 cycles for the crack to propagate to 
0.1014in. 
cycles. 
At a. - O.OJin., it would take only 10,624,518 
1 
However, if a. 1 -- 0.002in., it would take 
approximately 77,455,000 cycles for the crack to propagate to 
1/Sin. From test results {Tables 5 to 9) the number of cycles 
for the crack length to reach 1/Sin. ranged from 72,000,000 to 
88,000,000 cycles. Therefore, a 1 = 0.02in. is a good estimate 
for the initial crack size of coverplated details. 
The information in Tables 9 to 16 reveal to what size the 
crack must grow 'before the different stress ranges in the 
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spectrum contribute to crack growth. It also reveals the 
number of fatigue cycles needed to get from one stress range 
affecting crack growth to the next lower stress range which 
will contribute to the crack propagation. The method by which 
these tables were constructed is described in section 4.2. 
The most important aspect of these tables is the computed 
number of cycles between different lengths of the cracks, 
enabling a comparison with the actual test data. This is 
summarized in Tables 17 and 18. It is estimated that the 
initial crack size for web attachments ranges from 0.002in. to 
~ 0.02in. and for coverplates and transverse web stiffeners it 
ranges from O.OOlin. to 0.03in. Although the initial crack 
size is not known, it is shown in the that the test data 
correspond to these estimates. 
Table 17 was constructed by continuing the computations 
used to construct tables 9 to 16. However, the crack lengths 
are chosen to be comparable to the actual crack sizes obtained 
from the test. These values can be estimated from tables 5 
through 8. Table 17 compares the computed number of cycles to 
the average number of actual cycles for each girder in pair 2. 
The comparison is made for the crack to grow a certain length 
at any of the web attachment locations. Although the 
corresponding cycle numbers do not always appear to be in 
agreement with each other in Table 17, the average results of 
the tw9 girders in Table 18 compare more favorably with the 
computed values. Table 18 is the same as table 17 except it 
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takes the average of all details experiencing the same stress 
ranges for both girders in pair 2. The discrepancy between 
actual and theoretical cycles is depicted. Al though some 
differ by more than 100\, the numbers are relatively small 
when compared to the full life of one hundred million cycles 
for the structual members. The most important result is that 
the procedure can be used to estimate fatigue life after the 
crack has been initiated. With carefully measured crack 
growth, once the crack has been detected, this method can also 
be used to estimate the1initial flaw size of a test specimen. 
Since the theoretical values are conservative as compared 
to the actual number of stress cycles for the test specimens, 
the method could also be used to evaluate fatigue crack growth 
in the extreme life region. However, more data should be 
analyzed and a regression analysis should be completed before 
being used with confidence. 
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s.1. summary 
This study has reviewed past data and analyzed ne~ data 
from NCHRP Projects dealing with the fatigue behavior of 
welded bridge details subjected to variable amplitude loading 
in the extreme life region. Although the focus of this report 
is based largely on the results of NCHRP Project 12-15(5), 
other test results are shown to form the basis of the argument 
for fatigue resistance. 
Eight full scale welded bridge girders were tested or are 
currently being tested. Each of the four sets of girders 
undergo in-plane bending for approximately 100 million cycles. 
These cycles are of randomized nature and with stresses 
defined by a Rayleigh type spectrum. The spectrum was formed 
by recording actual stress ranges experienced by bridges. The 
spectrum was then lowered so that the highest stress range 
would be the constant amplitude fatigue limit for the 
transverse web stiffener. The only stress range that would 
surpass this value would be the overload stresses. 
The main test parameters which affect the welded steel 
details are the crack initiation sites and the effective 
stress range. After cracks were detected and the crack growth 
monitored, retrofitting of the , cracks was completed ,, by 
drilling holes at the crack tips. 
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Linear elastic fracture mechanics was used to analyze the 
crack growth rates and estimate the size of the initial flaws 
at the crack initiation sites. The concept of decreasing 
fatigue stress range threshold was introduced. 
s.2. conclusions 
Based on the investigation presented herein on data from 
past reports and the current study, it can be concluded that 
welded girders and details are susceptible to fatigue damage 
when a few stress range cycles are above the CAFL. Most of 
the welded details in the second set of girders experienced 
cracking. Cracking even occurred at details where the 
constant amplitude fatigue limit was only surpassed 0.1% of 
the time. A good estimate for the variable fatigue resistance 
is the straight line continuation of the S-N curve 
associated with the detail. This is confirmed by crack data 
plotted on the S-N curves. A few web attachments, however, 
show evidence of cracking below the straight line continuation 
of category E' S-N curve. This may be the result of the 
changing moment of inertia caused by the coverplates. 
The effect of overloads were determined to induce 
cracking. These loads eventually resulted in crack growth to 
a length where stress ranges under the constant amplitude 
fatigue limit contributed to crack growth. A major parameter 
in justifying the calculated number of cycles to achieve a 
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certain crack length is the initial crack size. Although the 
initial crack lengths fell within the estimated range of the 
initial flaw sizes to correspond with the test data, the 
calculated number of cycles varied greatly with the different 
estimated initial crack • sizes. The method presented • 1n 
Section 4.3. may be used to estimate the initial crack size 
and then to determine the number of cycles to achieve a 
certain crack length intervals. 
5.3 Recommendations for Future Research 
In order to ascertain a lower bound fatigue resistance 
for web attachments, more full scale variable amplitude 
testing must be conducted. This would provide additional data 
on the details in question and confirm the established fatigue 
resistance of all welded steel bridge details, particularly at 
the long life region. An accurate measurement of residual 
stresses due to welding need to be made in order to examine 
the effects of maximum stress and the stress ratio. This 
would ultimately help in defining the fatigue resistance of 
all welded steel bridge details. 
Additional work is required to accurately determine crack 
growth thresholds for variable amplitude loading. This, 
. together with the analysis of the stress intensity factor 
would better estimate the number of stress ranges contributing 
to crack growth. 
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While the girders are being tested in the testbed, 
analytical studies should be made on the test set up. When 
testing the second set of girders this study, fatigue cracks 
were found at the column bases of the test frame. Such 
information may add to the information on the behavior of 
bridge columns and supports in real life situations. 
-
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STRESS RANGES FOR DETAILS (ksl) 
Detail 
Loao 
Level 
31.2°/o 
37.6°/o 
1 2 3 4 5 6 7 8 (l 
9 
(17) (16) (15) (14) (13) (12) (11) 10 
1.30 0.85 1.08 1.10 1.29 1.34 1.51 4.37 0.073 
1.56 1.02 1.30 1.32 1.55 1.61 1.82 5.26 0.19 
43. 4 °/0 1 . 8 0 1 . 1 8 1 . 51 1 . 5 3 1 . 8 0 1 . 8 6 2 . 1 0 6 . 0 8 0 . 2 3 7 
49.5°/o 2.05 1.34 1.72 1.74 2.05 2.12 2.40 6.93 0.207 
55.6°/o 2.31 1.51 1.93 1.95 2.30 2.38 2.69 7.78 0.146 
61 . 7°/o 2. 5 6 1 . 6 7 2. 1 4 2. 1 7 2. 5 5 2. 6 5 2. 9 9 8. 6 4 0. 0 8 3 
67.8°/o 2.81 1.84 2.35 2.38 2.81 2.91 3.28 9.49 0.04 
73.6°/o 3.05 2.00 2.55 2.59 3.05 3.16 3.57 10.31 0.016 
79.7°/o 3.31 2.16 2.76 2.81 3.30 3.42 3.86 11.16 0.005 
85.7°/o 3.56 2.32 2.97 3.02 3.55 3.68 4.15 12.0 0.002 
1 OOo/o 4.15 2.71 3.47 3.52 4.14 4.29 4.84 14.0 0.001 
Sre 
(RMC) 2.07 1.36 1.74 1.76 2.08 2.15 2.42 7.02 
. TABLE 1 : Stress Ranges for Details of Girder Pair 1 
fi 
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STRESS RANGES FOR DETAILS (ksl) 
Detail 1 2 3 4 5 6 7 8 9 
Loa 
Level (17) (16) (15) (14) (13) (12) ( 11 ) ( 1 0) 
24.3o/o 2.03 0.85 1.08 1. 10 1.29 1.34 1 .51 4.37 3.53 0.073 
29.2°/o 2.44 1.02 1.30 1 .32 1.55 1. 61 1. 82 5.26 4.24 0.19 
33.So/o 2.82 1. 18 1. 51 1 .53 1 .80 1 .86 2.10 6.08 4.91 0 .23 7 
38.So/o 3.21 1 .34 1. 72 1. 74 2.05 2.12 2.40 6. 93 5.59 0.207 
43.2°/o 3.60 1. 51 1. 93 1. 95 2.30 2.38 2.69 7. 78 6 .27 0 .146 
48.0o/o 4.00 1. 67 2.14 2. 17 2.55 2.65 2. 99 8.64 6. 97 0.083 
52. 7o/o 4.39 1. 84 2.35 2.38 2.81 2. 91 3.28 9.49 7 .65 0.04 
. 
57.3o/o 4. 78 2.00 2.55 2.59 3.05 3.16 3.57 10 .31 8.32 0 .016 
62.0o/o 5.17 2.16 2. 76 2.81 3.30 3.42 3.86 11 . 1 6 9.00 0.005 
66.7o/o 5.56 2.32 2.97 3.02 3.55 3.68 4.15 12 .0 9.68 0.002 
. 
1 OOo/o 8.34 3.49 4.46 4.52 5.32 5.51 6.22 18 .o 14.52 0.001 
Sre 3.25 1.36 1.74 1. 76 2.08 2.15 2.42 7.02 5.66 (RMC) 
TABLE 2: Stress Ranges for Details of Girder Pair 2 
43 
STRESS RANGES FOR DETAILS (ksl) 
Detail 1 2 3 4 5 6 7 8 a, 
Loa 9 
Level (17) (16) (15) (14) (13) (12) ( 11) 10 
31.3o/o 1.48 0.97 1.24 1.26 1.48 1 .53 1. 73 5.0 0.017 
34.4o/o "f .63 1.07 1.36 1.38 1.63 1 .69 1. 90 5.5 0.12 
37.So/o 1. 78 1. 16 1.49 1. 51 1. 77 1 .84 2.07 6.0 0 .17 
40.6°/o 1 .93 1.26 1. 61 1. 63 1. 92 1. 99 2.25 6.5 0.19 
43.8°/o 2.08 1 .36 1. 74 1. 76 2.07 2 .15 2.42 7.0 0 .16 
46.9°/o 2.22 1 .45 1 .86 1. 89 2.22 2.30 2.59 7.5 0 .13 
50.0°/o 2.37 1.55 1. 98 2.01 2.37 2.45 2. 77 8.0 0.08 
53.1 °/o 2.52 1 .64 2.10 2.14 2.51 2.60 2.94 8.5 0.06 
56.3o/o 2.67 1. 74 2.23 2.26 2.66 2. 76 3. 11 9.0 0.03 
59.4o/o 2.82 1. 84 2.35 2.39 2.81 2. 91 3.29 9.5 0.02 
62.So/o 2.96 1. 94 2.48 2.51 2.96 3.06 3.46 10 .0 0.01 
65.6o/o 3. 11 2.03 2.60 2.64 3.10 3.21 3.63 10 .5 0.006 
' 
68.So/o 3.26 2.13 2. 73 2. 77 3.26 3.37 3.81 11 . 0 0.004 
71.9o/o 3.41 2.23 2.85 2.89 3.40 3.52 3.98 11 .5 0.002 
75.-0o/o 3.56 2.32 2.97 3.02 3.55 3.68 4.15 12.0 0.001 
1 OOo/o 4. 74 3.10 3.96 4.02 4. 73 4.90 5.53 16.0 0.0001 
S re 2.12 1.38 1. 77 1.80 2 .11 2.19 2.47 7.15 
(RMC) 
.Y ' 
TABLE 3: Stress Ranges for Details of Girder- Pair 3 
44 
STRESS RANGES FOR DETAILS (ksl) 
Detail 1 2 3 4 5 6 7 8 
Loa 9 
Level (17) (16) (15) (14) (13) (12) ( 11) 1 0 
50.0°/o 3.71 1.55 1. 98 2.01 2.37 2.45 2. 77 8.0 0.33E 
53.1 °/o 3.94 1.64 2.10 2.14 2.51 2.60 2.94 8.5 0.3 
56.3o/o 4.17 1. 74 2.23 2.26 2.66 2. 76 3. 11 9.0 0 .15 
59.4°/o 4.40 1.84 2.35 2.39 2.81 2.91 3.29 9.5 0. 1 0 
I' ) 
~ . 
62.So/o 4.63 1. 94 2.48 2 .51 2.96 3.06 3 .46 10 .0 0.05 
65.6°/o 4.86 2.03 2.60 2.64 3.10 3.21 3.63 10 .5 0.03 
68.8°/o 5.10 2.13 2. 73 2. 77 3.26 3.37 3 .81 11 . 0 0.02 
71.9°/o 5.33 2.23 2.85 2.89 3.40 3.52 3.98 11 .5 0.01 
75.0°/o 5.56 2.32 2.97 3.02 3.55 3.68 4.15 12 .0 0.005 
1 OOo/o 7.41 3.10 3.96 4.02 4. 73 4.90 5.53 16 .0 :l.0005 
' 
Sre 4.09 1. 71 2.18 2.22 2.61 2.70 3.05 8.83 
(RMC) 
TABLE 4: Stress Ranges for Details of Girder Pair 4 
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Cycles N 
x106 
Details 
1 
2 
3 
4 
5 
6 
7* 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
South Girder - South Side 
68.5 72 75.5 79 82.5 85 88.5 92 95.5 9 
, 
. 
I 0.!!5 •1 1 I ~ 1.5 I 
I I 
-
I I -• 
I I I I 
. I 
• I I I . I • I . 
I I I I I 
I I I I I I I I I 
I I I I I 
I I I I I I I I I 
I .. I I I 
I I I I I I I I I 
I 
T 
' 
I I 
I 
I I I I I I I 
' • I • • 
crack ~ 0.25 ~ 0.5 ~ 0.625 ..L 1 :. I 1.5 -.L 1.75 ~ 2 ~ ~.75 ~ r~rofitted 
-
I I I I I I 
I I I I I 
I 
I I I I I 
I 
I I I r I 
j 
I • 
I 
I I I I I 
I 
I I I 
I 
I I I :. I o.5 ~ 10.625 0,2s I 
I I I I I 
I I I 
I I I 
I I I 
I I I 
I . I 
I I I 
I . I I 
I I r~ I 
I I I I 
•retrofitted@ N = 91,091,000 
TABLE 5: Crack Growth (in.) Data of 
Girder Pair 2 
(South Girder/South side) 
46 
I I I 
I I I 
I j I 
I I I 
I I I 
. 
I I 0.75 ~1 .. .. 1.: 
I 
I I I 
I 
I I I 
' I I I 
I 
0.121s ~ 0.3 .. '5 I --
9 
Cycles N 
x10 6 
Details 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
* 11 
12 
13 
14 
15 
16 
17 
North Girder - North Side 
68.5 72 75.5 79 82.5 85 88.5 92 
• 
I I o15 ... 1 I I p.125 ~ ~; 1.5 I 
I I 
' 
I I I 
• 
I I I • I • I 
I I I I 
I I I I I I I I 
I I I I 
f I I I I I I I 
I • I I 
I I I 0,2s r I I 
' 
I 
f 
' 
I 
I I I I I I I I 
• • 
• 
I I I I I I I I 
. 
I I I I I I I 
I 
I I I I
 I I I 
I 
I I I 
I I I I 
I 
. 
. 
. 
I I 
I I I 
0.2s ~ 1.1!~ 2.5 ~ 3.75al.. 4.25 .. s.25 ~ 6.5 .. 1.2s 
' 
I o t 
I I I I I 
I I I 
I I I 
I 
I I I I I 
I I I 
' ' 
I 1 
I I I I I 
I I 
I I I I 
I I I 
I I I I 
I 
I I I I 
I . I 
. 
J 
. I 
. 
I • I I I 
I I I I 
q.125 ~ 0.25 : :: p.625 ....... 0.875 I I 
. 
• retrofitted @ N = 91 ,091,000 
TABLE 6: Crack Growth (in.) Data of 
Girder pair 2 
(South Girder/North side) 
47 
95.5 9 ~ 
I 
--
--
I 
I 
I 
I 
I 
I 
I 
-
I --
I 
I 
I 
I 
I 2 
I 
I 
retrbfitted 
I 
~.125 ---
I 
I 
I 
I 
-
-
/ 
Cycles N 
x10 6 
Details 
·1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
* 11 
12 
13 
14 
15 
16 
17 
I •• 
' 
North Girder - South Side 
68.5 72 75.5 79 82.5 85 88.5 92 95.5 9 ~ 
. 
I I I 
-- ~ I I I Of25 . --- I 0.5 0.563 I -I 
- -
I I I I I 
c'*k ~ o.~ • 015 ~ 1.2~ • 11.s I --I -• • I 
I I I I I 
I I I I I I I I I 
I I I I I 
I I I I I I I I I 
I • I I I 
I I I I I I I I I 
I . I I I 
I 
I I I I I 0.25 - I -- 0.3i I I -
' ' 
I 
' I I o.~ :.:- I 1 :.:- 11.2s --I I I I -
I I I I I I 12.125 I -- 3 .. 4 
' 
I I I I I I I I I 
I l I I I I I I I 
-
I I I 
0.75 ~1.375 ~ 2.5 ~ 3 .. 3.5 ~k I I ~ 5 ~ 5.8751 ~ 6.875 ~ 7.s I retrofittec 
I I I I 
I I I I ~ b.75 I ~, 1 , 0.375 .. ,o.s 
I I I I I I crack .. I 0.5 I 
I I I I I 
' ' 
I 
I I I I I I 
I I I 
I • I • I • 
I • I I 
I I I 
' 
I I . I 
• retrofitted@ N = 91,091,000 
TABLE 7: Crack Growth (in.) Data of 
Girder pair 2 
(Norh Girder/South -side) 
48 
I I I 
-
I I 
-I 
I I 
' 
..._ 
~ 
I I I 
I 
0~188 
I 
I - 0.375 
-
c ·ack ~-:188 ~ o.~13 ~ o.: 
I I 
. I . 
5 
7 5 
·ti 
I 
. Cycles N 
x10 6 
Details 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
* 11 
12 
13 
14 
15 
16 
17 
North Girder - North Side 
68.5 72 75.5 79 82.5 85 88.5 92 95.5 9~ 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
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I 
-
I I I I fl.125 I .. 015 ~ 1 _--1 .. ~--: 1.5 ---+--:----:::---
I I I I 
I 
I 
I 
I 
I 
J 
I 
I 
I 
I 
I 
• 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
• 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
' 
I 
I 
I 
I 
I 
I 
' 
I 
I 
I 
I 
I 1 I I I 
0.2s • 1.1s• 2.5 • 3.75~4.25., 5.25 M6.5 ~ 1.2s I O I I 
• 
I 
I 
I 
I 
I 
I 
I 
I 
I 
' 
I 
I 
I 
retrbfitted 
I I I I I I I I 
I I I I 
-
2 
1 I I I I f I b. 1 25 :. I I I I 
I I I I I I I I 
I I I I 
' I - I I I I ' I 
I I I I 
. I . I . I . I 
I . I I I 
I I I I q.125 ~0.25 : :..- p.625 ....... 0.875 +: --_---11:-~ 
• retrofitted @ N = 91,091,000 
TABLE 8: Crack Growth (in.) Data of 
Girder pair 2 
(North Girder/North side) 
49 
;i 
./ 
(J1 
0 
a, 
(in) 
0.001 
0.002 
0.003 
0.003942 
0.004558 
0.005340 
0.006303 
0.007604 
0.009378 
0.011820 
0.015356 
0.020500 
0.029700 
AK N N Control 5re stress only 
Stress Range at affecting contributing to whole (ksi/in) (ks i) (in) crack growth crack growth spectrum i'ksi t 
18 0.003942 1 8 4.125 306,441 306,441,000 
18 0.003942 1 8 4.125 125,995 125,995,000 
18 0.003942 1 8 4.125 45,862 45,862,000 
12 0.004558 14.6 3.598 41,255 13,751,700 
11 .16 0.005340 12.66 3.377 64,155 8,019,455 
10.31 0.006303 11 .206 3.248 89,073 3,711 , 364 
9.49 0.007604 10.202 3.247 122,235 1,909,916 
8.64 0.009378 9.38 3.316 158,616 1,079,020 
7.78 0.011820 8.659 3.436 199,250 680,033 0 
\ 
6.93 0.015356 8.03 3.632 249,307 498,613 
6.08 0.020500 7.512 3.926 293,863 398,729 
5.26 0.029700 7.159 4.503 369,061 398,124 ,. 
4.37 7.02 
TABLE 9: Stress Ranges Affecting Crack Growth for Web Stiffeners 
(Details 8 and 10) 
'. f-' . J- \ • 
Ntot 
13,751,700 
21,77'1,155 
25,482,519 
27,392,435 
28,471,455 
29,151,488 
29,650,101 
30,048,830 
30,446,954 ) 
a, 
(in) 
0.002 
0.02 
0.02216 
0.0313 
0.451 
I 
. , 
Control sre AK 
N N 
Ntot 
Stress Range a, affecting 
stress only whole 
(ksi/in) ( ks i) (in) crack growth contributing to spectrum 
I' ks i 1 crack growth 
2.4 0.0226 2.995 3.432 5,721,990 19,528,976 
2.4 0.0226 2.995 3.432 189,412 646,457 
2.1 0.0313 2.779 3.639 608,332 1,216,665 
1,216,644 
1.82 0.0451 2.598 3.926 782,447 1,061,665 2,278,309 
1.51 0.0751 2.476 4.509 1,187,675 1,281,203 3,559,552 
2.42 
TABLE 1 O: Stress Ranges Affecting Crack Growth for Web Attachments 
(Details 7 and 11) 
" 
. . . ' - . ~ .... ,. ,, ~-
CTI 
I\) 
a, 
(in) 
0.002 
0.02 
0.0230 
0.0306 
0.0427 
0.0628 
Control s,e AK 
N N 
stresses only 
Stress Range a, whole affecting (ksi{fn) contributing to ( ks i) (in) crack growth spectrum 
i' ks i 1t crack growth 
2.38 0.0230 2.88 3.329 6,448,338 43,866,244 
-, 
' 
2.38 0.0230 2.88 3.329 248,653 1,691,517 
2.12 0.0306 2.68 3.478 593,783 2,026,563 
1.86 0.0427 2.46 3.638 841,074 1,682,148 
1.61 0.0628 2.30 3.929 1,132,532 1,536,678 
1.34 0.1068 2.19 4.495 1,743,773 1,881,092 
2.15 
TABLE 11 : Stress Ranges Affecting Crack Growth for Web Stiffeners 
(Details 6 and 12) 
Ntot 
1 1 
2,026,563 
3,708,711 
5,245,389 
7,126,482 
f· 
a, 
(in) 
0.002 
0.01 
0.0195 
0.0250 
0.0333 
0.0465 
0.0698 
Control s,e ~K 
N N 
Stress Range a, affecting 
stresses only 
whole (ksi{rn) 
J 
contributing to (ks I) (in) crack growth spectrum 
1'ksi', crack growth 
2.55 0.0195 3.019 3.256 5,362,881 83,795,015 
2.55 0.0195 3.019 3.256 1,155,420 18,053,437 
2.30 0.0250 2.729 3.263 512,527 3,486,578 
2.05 0.0333 2.560 3.435 607,202 2,287,738 
1.80 0.0465 2.375 3.629 924,911 1,849,822 
1.55 0.0698 2.221 3.941 1,310,450 1,778,086 
1.29 1201 2.116 4.511 1,972,187 2,127,494 
2.080 
TABLE 12: Stress Ranges Affecting Crack Growth for Web Stiffeners 
(Details 5 and 13) 
Ntot 
3,486,578 
5,773,957 
7,623,779 
9,401,865 
11,529,360 
81 
(In) 
0.002 
0.01 
0.0188 
0.0230 
0.0289 
0.0378 
0.0509 
0.0724 
0.1119 
s,e ~K 
N N 
Control 
stresses only 
Stress Range a, whole affecting (ks i/in) contributing to ( ks i) (in) crack growth spectrum crack growth 1'k i\ 
2.59 0.0188 3.18 3.377 4,538,867 567,358,375 
2.59 0.0188 3.18 3.377 938,650 ~17,331,250 
2.38 0.0230 2.82 3.259 383,587 15,982,791 
2.17 0.0289 2.56 3.244 545,160 8,518,125 
1.95 0.0378 2.36 3.328 779,624 5,303,564 
1.74 0.0509 2.17 3.430 1,060,785 3,620,426 
1.53 0.0724 2.02 3.631 1,501,045 3,002,090 
1.32 0.1119 1.89 3.938 2,216,040 3,006,838 
1.10 0.2044 1.78 34.450 3,751,185 4,046,585 
1. 76 
TABLE 13: Stress Ranges Affecting Crack Growth for Web Attachments 
(Details 4 and 14) 
Ntot 
15,982,791 
24,500,916 
29,804,481 
33,424,907 
36,426,997 
39,433,836 
43,480,422 
c.n 
c.n 
a, 
(In) 
0.002 
0.01 
0.0195 
0.0237 
0.0299 
0.0388 
0.0524 
0.0751 
0.1173 
s,e AK 
N N 
Control stresses only 
Stress Range a, whole affecting (ks i/fn) contributing to ( ks i) {in) crack growth spectrum crack growth 
1' k 9 i \ 
2.55 0.0195 3.13 3.376 4,812,324 601,540,SOC 
2.55 0.0195 3.13 3.376 1,036,803 129,600,375 
2.35 0.0237 2.77 3.242 389,082 16,212,167 
2.14 0.0299 2.53 3.252 572,502 8,945,354 
1.93 0.0388 2.32 3.306 792,502 5,392,490 
1.72 0.0524 2.15 3.438 1,103,278 3,765,454 
1.51 0.0751 -~ 1.99 3.624 1,602,588 3,205, 17. 
1.30 0.1173 1.86 3.935 2,380,564 3,230,073 
1.08 0.2184 1. 77 4.507 3,959,741 4,271,565 
1. 74 
TABLE 14: Stress Ranges Affecting Crack Growth for Web Attachments 
{Details 3 and 15) 
~. ... '· (,J.. ' ' 
\ :- ·-,. ,',) ''. ,' ' . 
Ntot 
16,212,167 
25,157,511 
30,550,000 
34,315,454 
37,520,630 
40,750,703 
45,022,269 
I , .. ,,··l·_,~,.: : 
' '' 
(J1 
en 
81 
(In) 
0.002 
0.02 
0.0245 
0.0292 
0.0354 
0.0439 
0.0568 
0.0751 
0.1068 
0.1603 
0.2709 
L 
s,e AK 
N N Control 
Ntot stresses only Stress Range a, whole affecting (ksiJTi,) contributing to ( ks i) (in) crack growth crack growth spectrum 
,·ksi'1 
2.32 0.0245 3.49 4.138 3,695,859 B,695,895,00C 
2.32 0.0245 3.49 4.138 199,292 ~ 99,292,00C 
2.16 0.0292 2.82 3.590 311,951 103,983,667 
2.00 0.0354 2.45 3.369 504,240 63,030,000 
1.84 0.0439 2.17 3.243 780,264 32,511,000 
1.67 0.0568 2.02 3.327 1,121,216 17,519,000 
1.51 0.0751 1.82 3.315 1,620,372 11,022,939 
1.34 0.1068 1.68 3.448 2,553,623 8,715,437 
1.18 0.1603 1.56 3.636 3,707,861 7,415,722 
1.02 0.2709 1.46 3.936 6,164,743 8,364,645 
. 
0.85 0.6125 1.39 4.497 n3,197,9so 14,237,270 
1.36 
TABLE 15: Stress Ranges Affecting Crack Growth for Web Attachments 
(Details 2 and 16) 
103,983,66i 
167,013,66i 
191,524,66i 
217,043,66i 
228,066, 60€ 
236, 782,04~ 
244,197,76E 
252,562,41 C 
66, 799,68( 
a, 
(In) 
0.001 
0.03 
0.1014 
0.1464 
s,. L\ K 
N N Control 
Ntot stresses only Stress Range a, whole affecting (ksi/in) contributing to (ks I) (in) crack growth crack growth spectrum 
·, ( k i It 
2.82 0.1014 3.4789 3.92 84,364,000 114,469,471 
2.82 0.1014 3.4789 3.92 7,830,270 10,624,518 
2.44 0.1464 3.3157 4.49 1,954,053 1,811,407 1,811,407 
2.03 3.25 
TABLE 16: Stress Ranges Affecting Crack Growth for Coverplated Details 
(Details 1 and 17) 
( 
'-. 
-
Detail Crack Growth 
(In) !Theoretics Actual N (1x1a1) 
...... - - -- for 
N (1 X1<f) 
n.v111crr 
from to south girder north alrdar 
2 1/4 1/2 10,312 3,679 4,406 
1/2 1 14,941 10,662 1,635 
3 1/4 3/8 3,052 1,101 
3/8 1/2 2,399 2,742 
5 1/4 1/2 3, 192 3,254 
1/2 3/4 2,271 1 , 411 
3/4 1 1,897 12,951 
6 1 / 4 1 / 2 2,889 2,742 
1/2 3/4 2,057 11 , 4 03 
7 1 / 4 1 / 2 2,025 2,779 
1/2 1 2,644 6,479 8,453 
1 1 1/4 1/2 2,025 13,151 1 1 5 
1 / 2 1 2,644 8,803 277 
1 2 1 / 4 1/2 2,889 6,770 
1 / 2 3/4 2,057 3,254 
3/4 1 1, 717 2,656 
1 3 1/4 1/2 3,192 8,599 4,617 
1 / 2 3/4 2,271 3,464 7,385 
3/4 1 1,897 7,619 2,410 
1 5 1 / 4 3/8 3,052 475 
1 6 1/4 1/2 10,312 3,473 4,475 
1/2 1 14,941 13,000+ 
Table 17: Comparisons in theoretical and actual crack. growth rates for 
web attach~nts in girder pair 2 
58 
. t 
Crack Growth (in.) Actual N 
Detail Theoretical N average of both 
from to details on both girders 
2 & 16 1/4 1/2 2,025,295 5,066,000 
1/2 1 2,644,066 6,613,000 
'ii 
3 & 15 1/4 3/8 3,051,506 788,000 
3/8 1/2 2,398,950 2,742,000 
5 & 13 1/4 1/2 3,192,286 5,490,000 
'1·} ') 
.,J ,. ?..J 
1/2 3/4 2,271,477 4,,087,000 
3/4 1 1,896,605 7,660,000 
6 & 12 1/4 1/2 2,889,114 4,756,000 
1/2 3/4 2,056,756 7,328,000 
3/4 1 1,717,321 2,656,000 
7 & 11 1/4 1/2 2,025,295 5,348,000 
1/2 1 2,644,066 5,823,000 
TABLE 18: Comparisons in theoretical and actual crack growth rates 
for the average of the web attachments in girder pair 2 
59 
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